The oligosaccharides of the structural glycoprotein (VP7)of calf rotavirus were characterized. The precursor of VP7 produced in infected cells in the presence of tunicamycin migrated on SDS-polyacrylamide gels with an apparent molecular weight 6000 less than the glycosylated glycoprotein. Endoglycosidase (Endo) H digestion of the mature virus resulted in a decrease of 5000 in the molecular weight of VP7 in two discrete stages. Analysis of Endo H-treated, 3H-labelled digestion products of VP7 on Bio-Gel P-4 identified an oligosaccharide of molecular weight 1350 as the predominant form. Further treatment of the digest with mannosidase and analysis on Bio-Gel P-2 columns indicated that the oligosaccharide was digested into a free mannose and an oligosaccharide of molecular weight 400 in the ratio of 6:1. This indicates that the oligosaccharides of VP7 consist of four N-linked (Man)7 residues, two of which occupy more exposed and two more cryptic positions in the VP7 molecule.
INTRODUCTION
Biochemical analysis of the structure of rotaviruses has demonstrated that they are doublecapsid viruses composed of 11 segments of double-stranded RNA and at least five structural proteins one of which is a glycoprotein (Rodger et al., 1977; McCrae & Faulkner-Valle, 1981 ; Arias et al., 1982; Ericson et al., 1982) . Studies on the interaction of rotavirus with concanavalin A (Cohen et al., 1978) and the sensitivity of the viral glycoprotein to endoglycosidase (Endo) H digestion (Arias et al., 1982) have ascertained that the oligosaccharide component is of the 'highmannose' type. The inhibition of glycosylation of the structural glycoprotein precursor by tunicamycin indicates that the oligosaccharides are N-linked to the polypeptide chain (Arias et al., 1982; Sabara et al., 1982; Ericson et al., 1982) .
We have examined the calf rotavirus structural glycoprotein (VP7) under the above conditions in an attempt to characterize its oligosaccharides. In addition, by use of gel filtration we have ascertained the molecular weights of these glycans.
METHODS

Cells and rirus.
Calf rotavirus BDV 486 (obtained from L. Spence et al., 1976) was grown in MA 104 cells (Microbiological Associates, Walkersville, Md., U.S.A.) in Eagle's MEM in the presence of trypsin (Difco, 2 ~tg/ml) (Spence et aL, 1976) . Virus was titrated by plaque assay on MA104 cells (Smith et al., 1979) .
Radiolabelling ol'viral glycoproteins. To label the polypeptide chain, MA104 cells were infected with rotavirus pretreated with 10 gg/ml trypsin at a multiplicity of 10 p.f.u./cell. Two h after infection, the medium was changed to MEM containing 1 ~ of tl~e standard methionine concentration and at 4 h after infection [35S]methionine (New England Nuclear, 1274 Ci/mmol) was added to a final concentration of 10 gCi/ml. After an .additional 16 h of incubation at 37 °C the cells were harvested and the virus was purified by differential centrifugation, Freon extraction and CsCI gradient ultracentrifugation (Petric et al., 1975) .
To label the oligosaccharides of the glycoprotein, the infected cells were incubated inl MEM containing onetenth the standard glucose concentration at 2 h after infection. After an additional 2 h, [3H]mannose (New England Nuclear, 24-3 Ci/mmol) was added at 10 ktCi/ml. After a further 16 h incubation at 37 °C the virus was purified as outlined above.
Preparation o['inlected cell extracts. Virus-infected cells labelled with [35S]methionine were harvested 1 h after the addition of label. The cells were removed from the monolayers with trypsin, collected by centrifugation and washed with phosphate-buffered saline (PBS). The cell pellets were solubilized with 1% SDS in PBS and precipitated with 8 vo[. acetone (Matsuno & Mukoyama, 1979) . The acetone precipitates were resuspended in CP buffer (0.1 M-citric acid, 0.2 M-Na2HPO4, pH 5.8) for further processing.
Endoglycosidase H digestion. Purified rotavirus resuspended in CP buffer was digested with Endo H (Miles Laboratories) in the presence or absence of 1 ~ SDS. Under these conditions partial and complete removal of glycans, respectively, was obtained. The digestion was carried out at 37 °C for 16 h.
Mannosidase digestion.
The Endo H digests were boiled, the pH was adjusted to 4.0 and I unit of C~-Dmannosidase (Boehringer Mannheim) added to a total volume of 200 ~tl. The preparation was digested overnight at 37 °C.
SDS-PAGE.
This was performed on 10}/o polyacrylamide gels in Laemmli's (1970) discontinuous buffer system. Gels were prepared for fluorography using En3Hance (New England Nuclear), dehydrated and exposed to Kodak X-Omat film at -70 °C (Bonner & Laskey, 1974) .
Gelfiltration.
A 1 x 120 cm column of Bio-Gel P-4 (400-mesh, Bio-Rad), eluted with 0.1 m-Tris HC1 pH 7.0 was used for apparent molecular weight estimations. The column was calibrated for bacitracin (Mr 1400), vitamin B 12 (Mr 1200), stachyose (Mr 636), sucrose (Mr 342) and glucose (Mr 180). Bovine plasma albumin was used to determine the void volume. Fractions of 0.6 ml were collected at room temperature at a flow rate of about 5 ml/h (Pesonen et aL, 1982) .
RESULTS
Use of tunicamyein to derive the precursor of VP7
To determine the size of the oligosaccharide component of VP7, extracts of virus-infected cells which had been exposed to tunicamycin (TM) at 0.5 gg/ml at the end of adsorption and labelled at 1 h after infection with [3sS]methionine were compared to controls, without the glycosylation inhibitor, by SDS-PAGE. As shown in Fig. 1 , lanes (b) and (c), VP7 present in the control infected cell extract migrated in its non-glycosylated form as pVP7. The molecular weight of VP7 in our system using commercial molecular weight markers (Sigma) is estimated at 41000; that of pVP7 is estimated as 35000. From our calculations, VP7 precursor acquires approximately 6000 daltons of oligosaccharide on glycosylation.
Treatment of purified rotavirus with Endo H
An alternative method of determining the size of the oligosaccharide component was to treat the virus with Endo H. The result of this treatment is shown in Fig. 2 . By increasing the concentration of Endo H from 1 to 15 mU, the VP7 component was progressively degraded from its original form with molecular weight of 41000 (Fig. 2 a) to an intermediate VP7a (Fig. 2 c) to the final VP7b, tool. wt. 36 000 (Fig. 2 e) . This represents a loss of 5000 daltons of oligosaccharide in two discrete states.
Chromatography of Endo H digestion products
Purified virus labelled with [3H]mannose was treated with Endo H at 5 mU/ml. Under these conditions, only partial cleavage of the oligosaccharide (similar to Fig. 2c ) was obtained; this was confirmed by SDS PAGE and silver staining (data not shown).
Chromatography of this preparation on Bio-Gel P-4 revealed the elution profile shown in Fig.  3 . A major peak of radioactivity was excluded from the column: this is interpreted to represent the glycans not cleaved by Endo H. Three major peaks were resolved in the column immediately after the bacitracin marker. The major one contained material of estimated molecular weight 1350, followed by a second peak of approximately 1200 and a third peak of about 1050.
To determine the nature of the total oligosaccharide content of the rotavirus, a parallel preparation of purified virus was subjected to Endo H digestion in the presence of 1 ~ SDS. A portion of the digest was analysed by SDS-PAGE followed by silver staining. This revealed that all the VP7 existed as VP7b, similar to the pattern in Fig. 2 (e) (data not shown). As shown in Fig.  4 , when the digest was chromatographed on Bio-Gel P-4, virtually no radioactivity was excluded from the gel. The component that showed a substantial increase migrated as the major peak at an estimated molecular weight of 1350. 
Calf rotavirus VP7 oligosaccharides 
Composition of Endo H cleavage products
A purified virus preparation labelled with [3H]mannose was digested at pH 5 with 15 mU Endo H. Complete removal of oligosaccharide from VP7 was confirmed by S D S -P A G E and silver staining of the gel. This preparation was then boiled, the pH adjusted to 4 and treated with mannosidase. The digest was subjected to Bio-Gel P-2 chromatography. As shown in Fig. 5 , the mannose label resolved into two peaks, with estimated molecular weights of 400 and 180. The second peak (fractions 102 to 116) had a total radioactivity which is approximately sixfold greater than the first peak (fractions 95 to 101). No counts were excluded from the gel.
The above elution patterns are interpreted to mean that the major viral oligosaccharide with an estimated molecular weight of 1350 is a polymer having seven mannoses and one N-acetylglucosamine; this is referred to as (Man)7. The glycoprotein VP7 has four such oligosaccharides linked to the polypeptide chain. This corresponds to approximately 6000 daltons of oligosaccharide, which is consistent with the TM data. . Gel filtration chromatography of Endo H and mannosidase digest of rotavirus used in Fig. 3 . The preparation was pretreated with 1 ~ SDS, boiled and subjected to Endo H digestion. The preparation was boiled for 1 min and the pH was adjusted to 4.0 by the addition of 0.1 M-citrate. Mannosidase (1.0 U) was added and the mixture was further digested for 24 h with an additional 1.0 U of mannosidase added after 8 h. The digest was then subjected to chromatography on a 0.9 x 100 cm column of Bio-Gel P-2 and the eluted fractions (0.6 ml) were monitored by scintillation counting. The column was pre-and post-calibrated with bovine plasma albumin, stachyose, sucrose and glucose. Bovine plasma albumin was used as an internal standard. Arrows indicate sucrose (left) and glucose (right) standards.
DISCUSSION
From the above observations, the calf rotavirus VP7 glycoprotein has four oligosaccharides of the high-mannose type, N-linked to the polypeptide chain. The tunicamycin study confirms existing reports (Sabara et al., 1982; McCrae & Faulkner-Valle, 1981 ; Ericson et al., 1983) , that the precursor of VP7 acquired about 6000 daltons of oligosaccharide to become a glycoprotein. Assuming all these oligosaccharides are identical, this would correspond to four glycans of about 1500 daltons. The molecular weight of (Man)7 oligosaccharide consisting of seven mannose and two N-acetylglucosamine (GlcNAc) residues is calculated to be about 1550 which is in agreement with the above estimate.
Endo H digestion of the virus results in a reduction of 5000 in tool. wt. of VP7. It is known that Endo H cleaves between two GlcNAc residues; hence, this polypeptide chain would still retain about 900 mol. wt. of sugar (Tarentino et al., 1974) . Of significance is the observation that Endo H digestion produces an intermediate form of VP7 (VP7a) which has lost approximately 2500 mol. wt. This implies that in the virion, VP7 has two oligosaccharides that are more exposed to the environment and two that are cryptic and only accessible to cleavage at high Endo H concentrations or after the virus has been boiled in 1 ~ SDS to eliminate the tertiary structure of the VP7.
The information provided by the column chromatography of the Endo H-digested, [3H]mannose-labelled glycans indicates that the major form is (Man)7. However, the two remaining peaks correspond by their estimated molecular weights to (Man)6 and (Man)5 residues (Fig. 3) . The latter residues do not increase in quantity after more complete digestion of the virus with Endo H, as seen in Fig. 4 . This implies that they are present only in the more exposed portions of the VP7 but even then as minor components. It is suggested that they are products of exoglycosidase activity that may have been present in the virus-infected cell and cell lysate during virus purification. Under such circumstances the more cryptic glycans would not be degraded, as is borne out in Fig. 4 .
It has been shown that the oligosaccharides of SA11 simian rotavirus are modified during the process of virus replication as illustrated in pulse-chase experiments (Ericson et al., 1982 (Ericson et al., , 1983 . The virus in this study was labelled over a period of 16 h at which time the cells exhibited extensive cytopathic effects. We have established that virtually no viral replication occurs at this time (unpublished observations). Hence, the virus used in our studies was likely to be in its mature form and the oligosaccharides not undergoing further trimming.
Although treatment of the virus with SDS prior to Endo H digestion resulted in a nearly complete removal of the oligosaccharides, about 5 ~ of the tritium activity was still excluded from the gel. This may represent uncleaved oligosaccharide, or, because the period of labelling was 16 h, incorporation of a small amount of the tritium from the mannose via newly synthesized amino acids which were incorporated into the virion proteins.
The data on mannosidase digestion supports the concept that the oligosaccharides are of the high-mannose type and that they are most likely (Man)7. Since the GlcNAc-Man disaccharide is not cleaved by mannosidase, the appearance of this 400 mol. wt. moiety supports the above data. Moreover, since the [ 3H]mannose counts in this disaccharide are approximately one-sixth of the remainder, this is supportive evidence that the major species is a (Man)v oligosaccharide.
Our results show that the oligosaccharides of calf rotavirus are similar to those of SA 11 in that they exist as multiple high-mannose forms (Both et al., 1983) . They differ, however, in that the principal form is (Man)7 in contrast to the (Man)s reported for SA11. Moreover, SA11 was found to have forms ranging from (Man)9 to (Man)5 whereas the calf rotavirus oligosaccharides range from (Man)7 to (Man)5. These differences could be due to the nature of the individual viruses or to the conditions of labelling.
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